Reactive oxygen species (ROS), such as hydroxyl (˙OH), superoxide anion radical (O 2 Ϫ ), and hydrogen peroxide (H 2 O 2 ), are highly reactive molecules that consequently generate metabolic products that attack lipids in cell membranes or DNA. A series of free radical chain reaction processes is associated with several types of biological damage, carcinogenesis, and cellular degeneration related to aging. Cells are protected from such damage by their endogenous scavenging systems or by other compounds. 1) Thus ROS play an important role in physiological and pathological states and are constantly produced in living organisms.
Excessive MMP activity, which causes the collapse of the meshwork in the extracellular matrix, produces UV irradiation-like skin damage, including wrinkling, loss of elasticity, and dilation of surface microcapillary vessels.
11) MMP-1 belongs to the subfamily of collagenases, which are the key enzymes in collagen turnover required for the remodeling of the dermal matrix. Several studies have demonstrated that the decreased elasticity of skin with aging is significantly correlated with increased elastase activity. 12) Recently, the bioactivities of several natural plants and plant-derived phytochemicals have been studied. For example, previous reports on various Malus (apple) species, which are common fruit worldwide, showed that they contain antioxidative phenolics such as dihydrochalcones and flavonoids. 13, 14) There are many reports in the literature describing the strong antioxidant activities of polyphenols 15) and their benefits in treating or preventing human diseases. The ingredients in apples have also been shown to be associated with lowered risk of cardiovascular diseases and various cancers. 14) Malus doumeri A. CHEV. var. formosana (KAWAK. & KOIDZ.) S. S. YING (Rosaceae) is a Taiwanese indigenous plant with horticultural use and edible fruit. Among the Taiwanese, it is sometimes used to treat heatstroke and heat-related hyperactivity and as a tonic to reinforce vital energy. 16) However, there are few reported phytochemical examinations of this species. In this study, DPPH scavenging activity was used to identify the active constituents in M. doumeri var. formosana. The isolated components were also investigated for their free radical-scavenging, anti-MMP-1, and anti-elas- Plant phenolic compounds isolated from a 70% aqueous acetone extract of the leaves of Malus doumeri A. CHEV. var. formosana (KAWAK. & KOIDZ.) S. S. YING, a type of Taiwanese indigenous plant, were evaluated for potential application in the field of skin care. A phytochemical investigation of the active fractions resulted in the isolation of seven compounds of which the structures were identified by spectroscopic characterization. In the present study, the isolated phenolic compounds were evaluated for their free radical-scavenging activities against 1,1-diphenyl-2-picrylhydrazyl (DPPH) and the superoxide radicals, anti-elastase, and for their anti-matrix metalloproteinase-1 (MMP-1) activity in human skin fibroblast cells. Of these compounds, 3-hydroxyphloridzin (2), 3-hydroxyphloretin (6), and quercetin (7) exhibited the strongest DPPH and superoxide radical-scavenging activities. The IC 50 values of these compounds were 9.2, 7.7, and 15.4 m mM, respectively, for the DPPH radical, and 25.0, 19.6, and 42.6 m mM, respectively, for the superoxide radical. 3-Hydroxyphloridzin (2) and 3-hydroxyphloretin (6) also showed xanthine oxidase inhibitory activity, with IC 50 values of 52.1 and 22.4 m mM, respectively. In the test for elastase inhibitory activity, phloretin (5) and 3-hydroxyphloretin (6) were the most potent compounds. Phloretin (5), 3-hydroxyphloretin (6), and quercetin (7) showed better inhibition of MMP-1 production in fibroblast cells. To the best of our knowledge, this is the first time that the active phenolic compounds from M. doumeri var. formosana have been isolated, reported, and described. The above results suggest that the extract of M. doumeri var. formosana containing phenolic compounds could be suitable naturally occurring active constituents for use in anti-aging or cosmetic products.
tase activities. Extraction and Isolation of Constituents The dried leaves of M. doumeri var. formosana (560 g) were extracted three times with 70% aqueous acetone at room temperature. The 70% aqueous acetone extract was then filtered and concentrated under reduced pressure, and a suspension of the extract in water was partitioned with ethyl acetate to give ethyl acetate and aqueous fractions. The ethyl acetate layer with antioxidant activity was further chromatographed over Sephadex LH-20 and eluted with MeOH to give seven fractions (fr. 1 to fr. 7). Using bioassay-guided techniques, fr. 4 was subjected to a Sephadex LH-20 column and eluted with MeOH in H 2 O (20-100%) to give 10 fractions (fr. 4-1 to fr. 4-10). Fr. 4-2 was passed through an ODS column as well as purified by HPLC on a Biosil 5 ODS-W column (4.6ϫ 250 mm; flow rate 2.85 ml/min) with MeOH/H 2 O (3 : 7) to give compound (1) (15 mg). Fr. 4-3 gave a precipitate that was rechromatographed with HPLC (column Biosil 5 ODS-W 4.6ϫ250 mm; solvent system H 2 O : MeOHϭ70 : 30; flow rate 2.85 ml/min; detector 254 nm) to obtain compounds (2) (20 mg) and (3) (2.7 g). Fr. 4-7 was rechromatographed on an ODS column with a gradient of MeOH/H 2 O (4 : 6; 5 : 5; 6 : 4; 7 : 3; 8 : 2; 9 : 1; 0 : 10) to obtain compound (4) (5.4 mg). Fr. 4-9 was further chromatographed by HPLC (column Biosil 5 ODS-W 4.6ϫ250 mm; solvent system H 2 O : MeOHϭ35 : 65; flow rate 3.0 ml/min; detector 254 nm) to obtain compound (5) (64 mg). Fr. 5 and fr. 6 were also subjected to a Sephadex LH-20 column and eluted with MeOH in H 2 O (20-100%) to give 12 fractions (fr. 5-1 to fr. 5-12, and fr. 6-1 to fr. 6-12, respectively). Fr. 5-10 and fr. 6-7 were purified by HPLC using 60% MeOH and 75% MeOH as mobile phases to give compounds (6) (2.5 mg) and (7) (1.1 g), respectively. Structural elucidation for all isolated compounds (1)- (7) was performed using 1-and 2-dimensional nuclear magnetic resonance (NMR) spectroscopy. Spectral data were compared with those reported in the literature. Compounds (1) to (7) were identified as chrysin-5-glucoside (1), 17) 3-hydroxyphloridzin (2), 18) phloridzin (3), 19) chrysin (4), 20) phloretin (5), 21) 3-hydroxyphloretin (6), 22) and quercetin (7). 23) The purity of all isolated constituents, determined by integration of proton resonances and by HPLC with diode array detection (HPLC-DAD) peak integration, was Ͼ98%.
MATERIALS AND METHODS

Materials and Chemicals
HPLC Analysis A Biosil ODS-W 4.6ϫ25 mm column was used and the isolated compounds were monitored at 280 nm. The following gradient profile with acetonitrile (solvent A) and water (solvent B) was used: 5% A (0 min) to 50% A (70 min) at a constant flow rate of 1 ml/min, with the detection wavelength of the diode array detector set at 280 nm.
1,1-Diphenyl-2-picrylhydrazyl (DPPH) Radical-Scavenging Activity The DPPH radical-scavenging activity was analyzed following a modified method. 24) Each tested sample was mixed with DPPH radical 150 mM in a methanol solution. After incubating for 20 min in the dark at room temperature, the absorbance was measured at 517 nm. The dissolved solvent was used as a control.
Superoxide Radical-Scavenging Activity Superoxide radicals were generated by the X/XO system and monitored with the product of NBT, using a modification of the described procedure. 25) The reaction mixtures contained different concentrations of test samples, 100 mM of xanthine, 15 mU of XO, and 500 mM of NBT. The reaction mixtures were incubated at ambient temperature for 2 min and the reaction was then initiated with the addition of XO. The samples were dissolved in phosphate buffer 100 mM (pH 7.4). The absorbance (560 nm) of each sample was compared against blank samples.
Assay of XO Activity The effects of the tested compounds on XO were evaluated by measuring the formation of uric acid from X at room temperature. The reaction mixtures contained the same proportion of reagents as those used in the enzymatic assay for superoxide radical-scavenging activity, except for NBT. The absorbance was measured at 295 nm.
Assessment of Inhibition Kinetics XO inhibition assays were carried out with the IC 50 values of tested samples and various concentrations (6.25, 12.5, 25, 50, 100, 200 mM) of the substrate, X. The apparent inhibition constants were calculated based on Lineweaver-Burk plots for the tested samples by respectively plotting the slope of each double reciprocal plot versus the corresponding inhibitor concentration at which it was obtained.
Assay of Elastase Activity For elastase detection, the EnzChek Elastase Assay Kit (Molecular Probe) was used. In a 96-well plate, culture supernatants, elastin 25 mg/ml, and elastase 0.25 U/ml were added to the wells and incubated at room temperature for 2 h. The plates were read at 485 nm excitation and 520 nm emission wavelengths (FLUO star optima, BMG Labtechnologies). Reaction buffer was used as a negative control, and 0.01 mM of N-methoxysuccinyl-AlaAla-Pro-Val-chloromethyl ketone was used as a positive control. The percentage of inhibition was calculated as:
where A is the enzyme activity without tested samples, and B is the activity in the presence of tested samples.
Cell Culture We obtained human skin fibroblast WS-1 cells from CCRC 6003, Hsinchu, Taiwan. Cells were maintained in a 37°C, 5% CO 2 humidified incubator as monolayers in 75 cm 3 culture flasks. WS-1 cells were grown in Eagle's MEM with L-glutamine 2 mM, nonessential amino acids 0.1 mM, 10% inactivated fetal calf serum, penicillin 50 U/ml and streptomycin 50 mg/ml. We cultured the cells until confluence and harvested them with trypsin-EDTA. For experiments, the WS-1 cells (1ϫ10 5 cells/well in 0.5 ml of medium) were cultured in 24-well plates. The tested samples (10-100 mg/ml) were added to the cultures. After the medium was removed, culture supernatants were frozen at Ϫ70°C for further analysis. Cells were used for MTT assays.
MTT Assay of Cell Viability Mitochondrial dehydrogenase activity, which reduces 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma, St. Louis, U.S.A.) in active mitochondria to purple formazan, was used to determine cell survival in a colorimetric assay. Cell viability was calculated as:
cell viability ϭabsorbance (sample tested)/absorbance (medium only)ϫ100%
MMP-1 Casein Zymography Analysis of MMP-1 activity using casein zymography was modified as described. 26) In 24-well plates, different concentrations of compounds were added to WS-1 cells (1ϫ10 5 cells/well) and incubated at 37°C, 5% CO 2 in a humidified incubator for 1 d. The culture supernatants were discarded and serum-free MEM was added to the wells and incubated for 1 d. Equal amounts of culture supernatants (5 mg) were subjected to 10% SDS-PAGE gels containing casein substrate (1 mg/ml) under nonreducing conditions. Recombinant MMP-1 (50 ng) (Chemicon, Temecula, U.S.A.) was used as a standard. After electrophoresis, gels were washed with distilled water containing 2.5% Triton X-100 for 1 h with gentle shaking. The gels were then incubated at 37°C for 18 h in buffer [Tris-HCl 50 mM (pH 7.5), NaCl 0.2 M, CaCl 2 5 mM] and subsequently stained with Coomassie blue. They were then destained in 30% methanol containing 10% glacial acetic acid, and clear bands of protein degradation were visualized. We scanned photographs of the gel with an imaging densitometer system (Kodac 1D Image Analysis System 3.5). The MMP-1 activity was calculated for the intensity value (areaϫintensity) for each band by Kodac 1D Image Analysis Software, normalized with the intensity value with medium alone.
Statistical Analysis The data are presented as the meanϮstandard deviation (S.D.) of each triplet test. The Mann-Whitney U-test was used to analyze the significance of differences between the control and the test groups. A pvalue of Ͻ0.05 was considered statistically significant.
RESULTS
In a preliminary evaluation, a 70% aqueous acetone extract of the dried leaves of M. doumeri var. formosana showed DPPH radical-scavenging activity (IC 50 23.1 mg/ml). In the present study, the leaves of M. doumeri var. formosana were extracted with 70% aqueous acetone, and then phytochemical investigations were conducted. The extract was resuspended in H 2 O and partitioned with ethyl acetate. The ethyl acetate extract showed 67.4% inhibition in our DPPH bioassay at a test concentration of 50 mg/ml. Therefore it was further fractionated into seven fractions. The most potent of these fractions, fr. 4 to fr. 6, showed 92.0%, 83.0%, and 85.5% inhibition (at 50 mg/ml), respectively (Fig. 1) . These three active fractions were consecutively submitted to column chromatography with Sephadex LH 20, ODS, or preparative HPLC, yielding compounds (1)-(7). Structural elucidation was achieved by comparison of 1 H-and 13 C-NMR spectral data with those reported in the literature. The seven most abundant flavonoids were identified as chrysin-5-glucoside (1), 3-hydroxyphloridzin (2), phloridzin (3), chrysin (4), phloretin (5), 3-hydroxyphloretin (6), and quercetin (7) (Fig.  2) . The isolated compounds were also analyzed using HPLC (Fig. 3) . Retention times (in minutes) of the isolated compounds were: compound 1, 38.3; compound 2, 31.6; compound 3, 34.9; compound 4, 61.2; compound 5, 47.5; and compound 6, 42.9. Quercetin (7) was not apparent in the HPLC chromatogram in this analysis, possibly because the solvent system was not suited to its polarity.
The DPPH scavenging activity of the seven isolated components are presented in Table 1 , expressed as IC 50 concentrations. Chrysin-5-glucoside (1), phloridzin (3), chrysin (4), and phloretin (5) were inactive in this DPPH experiment. (6), and quercetin (7) exhibited considerable inhibitory activity against the DPPH radical, with IC 50 values of 9.2, 7.7, and 15.4 mM, respectively.
The superoxide radical was generated by an X/XO system. The O 2 Ϫ scavenging activities of the isolated compounds are shown in Table 1 . The plant constituent (ϩ)-catechin was used as the positive control, and its IC 50 value was 41.6 mM. Among the isolated compounds, 3-hydroxyphloridzin (2), 3-hydroxyphloretin (6), and quercetin (7) showed dose-dependent activity, and their IC 50 values were 25.0, 19.6, and 42.6 mM, respectively.
3-Hydroxyphlorizin (2) and 3-hydroxyphloretin (6) had inhibitory effects on XO, with IC 50 values of 52.1 and 22.4 mM, respectively. Quercetin (7) had no inhibitory effect on XO when the concentration was 100 mM. Kinetic analysis of the two inhibitory compounds, using Lineweaver-Burk plots, indicated that 3-hydroxyphlorizin (2) (K m 37.0 mM, V max 4.5ϫ 10 3 DA/min) and 3-hydroxyphloretin (6) (K m 36.5 mM, V max 3.9ϫ10 3 DA/min) acted as noncompetitive inhibitors with respect to the substrate X (Table 2) .
To investigate the possible impact of compounds isolated from M. doumeri var. formosana, inhibition of elastase activity was measured. The positive control, N-methoxysuccinylAla-Ala-Pro-Val-chloromethyl ketone, showed 79.9% inhibition of elastase activity. Of all the tested compounds, compounds (5) and (6) showed greater inhibition of elastase activity which was comparable to that of the positive control (Fig. 4A) . Panel B in Fig. 4 shows the concentration-dependent inhibition of elastase activity by phloretin (5) and 3-hydroxyphloretin (6). Phloretin (5) and 3-hydroxyphloretin (6), at 10 to 100 mg/ml final concentrations, exhibited 51.8 to 77.3% (36.5 to 365.0 mM) and 32.3 to 64.7% (34.5 to 344.8 mm) inhibition, respectively.
To investigate whether the isolated compounds affected the viability of WS-1 cells, the MTT assay was performed. As shown in Fig. 5 , at 50 mg/ml concentrations of the isolated compounds, the viabilities of WS-1 cells were not affected compared with controls (100%). To further investigate the inhibition of MMP-1 production of the isolated compounds, MMP-1 activity was analyzed using casein zymography. As shown in Fig. 6A , compared with medium alone (no treatment added), the isolated compounds at 50 mg/ml concentrations demonstrated different degrees of inhibition of MMP-1 production in WS-1 cells. The effect of compounds 1 to 7 on the MMP-1 activity was semi-quantified compared with medium alone (Fig. 6B) . All the compounds, except for compound 4, show different degrees of inhibition. The inhibition of MMP-1 production by chrysin-5-glucoside (1), 3-hydroxyphloridzin (2), phloridzin (3), phloretin (5), 3-hydroxyphloretin (6), and quercetin (7) was 14.5% (120 mM), 20.1% (111 mM), 5.5% (115 mM), 35.5% (183 mM), 64.5% (172 mM), and 42.2% (166 mM), respectively. The analysis conditions were: column, Biosil ODS-W 4.6ϫ25 mm; flow rate, 1 ml/min; detector, 280 nm; solvent system, 0 to 70 min, 5% CH 3 CN to 50% CH 3 CN; 70 to 80 min, 50% CH 3 CN to 100% CH 3 CN. Peak identifications: 1,3-hydroxyphloridzin (2); 2, phloridzin (3); 3, chrysin-5-glucoside (1); 4,3-hydroxyphloretin (6); 5, phloretin (5); 6, chrysin (4). 
DISCUSSION
In the present study, we isolated seven active constituents from M. doumeri var. formosana using DPPH radical-scavenging activity. The structures of 3-hydroxyphloridzin (2), phloridzin (3), phloretin (5), and 3-hydroxyphloretin (6) were characteristic of dihydrochalcones, while chrysin-5-glucoside (1), chrysin (4), and quercetin (7) structures were characteristic of one type of flavonoid. There are all known compounds; however, to the best of our knowledge, this is the first time the active phenolic constituents from M. doumeri var. formosana have been reported. In tests of free radical-scavenging activities including DPPH and superoxide radicals, 3-hydroxyphloridzin (2), 3-hydroxyphloretin (6), and quercetin (7) demonstrated the strongest activity. Except for quercetin (7), 27) research on the free radical-scavenging activities of 3-hydroxyphloridzin (2) and 3-hydroxyphloretin (6) have been limited. DPPH is a stable, artificial radical that is different from highly reactive oxygen radical species and is often used to determine the radical-scavenging activity of natural products. The superoxide radical was generated by an X/XO enzymatic system. XO catalyzes the oxidation of X in the presence of molecular oxygen to yield uric acid and superoxide anion. This is an important physiological pathway in humans. 28) An inhibitory effect on the XO enzyme would lead to a decrease in NBT reduction. Therefore the evaluation of the XO effect of tested components on the conversion of X to uric acid was also performed. The IC 50 value of quercetin (7) on XO was up to 100 mM, indicating that it plays an important role in scavenging superoxide radical activity. 3-Hydroxyphlorizin (2) and 3-hydroxyphloretin (6) have inhibitory effects on XO. They are noncompetitive inhibitors of the enzyme, as analyzed by the kinetic constants. They can decrease the apparent V max value with no effect on the K m value. These two compounds, hydroxyphlorizin (2) and 3-hydroxyphloretin (6), may combine with both free enzyme and the enzyme-substrate complex to inhibit the generation of superoxide anion. This potent free radical-scavenging activity may be due to the catechol group in their structures, which is an antioxidant pharmcophore that exhibits hydrogen-donating abilities.
In tests of elastase inhibitory activity, the dihydrochalcones phloretin (5) and 3-hydroxyphloretin (6) showed the greatest inhibitory effects among the isolated compounds. In contrast, the other two dihydrochalcones, which contain 3-hydroxyl in the B-ring, did not exhibit anti-elastase activity. This finding suggests that the catechol group is not favorable for elastase inhibition. Other studies have demonstrated that chronic UVA and UVB radiation result in a significant increase in elastase-type enzyme activity. 29) Increased elastase activity has been associated with wrinkling, sagging, and laxity of aged skin. 30, 31) Therefore, inhibition of elastase activity might contribute to an anti-aging effect. To the best of our knowledge, we are the first to report the anti-elastase activity of these two isolated dihydrochalcones.
Photoaging (UV irradiation) causes human skin aging and skin cancer through activation of MMPs, which are responsible for the degradation of collagen and tumor progression in human skin. 32) Proinflammatory cytokines such as interleukin-1b and tumor necrosis factor-a may increase the expression of MMP-1 in human keratinocytes and human fibroblasts. 33) Therefore inhibition of MMP-1 production might contribute to an anti-aging effect. The different degrees of inhibition of MMP-1 production by the isolated compounds might contribute to decreased extracellular matrix degradation. Phloretin (5), 3-hydroxyphloretin (6), and quercetin (7) showed the greatest MMP-1 inhibition in the present study. The isolated flavonoid compounds exhibited anti-MMP-1 activity in WS-1 cells. Flavonoids may be the compounds that inhibit MMP-1 activity in the human skin fibroblast cells.
In summary, we isolated seven phenolic compounds from M. doumeri var. formosana for the first time. The structures of the isolated compounds were those of flavonoids. In our study, the isolated compounds showed specific activities in different assay systems, including free radical-scavenging, anti-elastase, and anti-MMP-1 assays. Except for quercetin (7), [34] [35] [36] the other isolated compounds yielded new findings in our assay systems. Natural plant extracts are often added to skin care and cosmetic products. Therefore, because the extract of M. doumeri var. formosana contains active phenolic components, this species might be considered a potential new medicinal plant to use in the future in anti-aging or skin care cosmetics.
